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The CMB observation sets stringent constraints on MeV dark matter (DM) annihilating into
charged states/photons in s-wave, and the recent observation of the 21-cm absorption at the cosmic
dawn reported by EDGES is also very strict for s-wave annihilations of MeV DM. The millicharged
DM with p-wave dominant annihilations during the freeze-out period are considered in literatures
to give an explanation about the 21-cm absorption, with photon mediated scattering cooling the
hydrogen. In this paper, we focus on the annihilation of millicharged DM being s-wave dominant. To
explain the 21-cm absorption and meanwhile be compatible with the CMB and 21-cm absorption
bounds on DM annihilations, we consider the annihilation close to the resonance, with the new
mediator (here is dark photon) mass being slightly above twice of the millicharged DM mass. In
this case, the annihilation cross section at the temperature T → 0 could be much smaller than that
at Tf , which would be tolerated by the bounds on DM annihilations, avoiding the excess heating
from DM s-wave annihilations to the hydrogen gas. The beam dump and lepton collider experiments
can be employed to hunt for millicharged DM via the production of the invisible dark photon.
I. INTRODUCTION
For dark matter (DM) particles with masses in a range
of ten MeV to hundreds TeV, the relic abundance of DM
can be obtained via the thermal freeze-out of DM. One
DM candidate extensively concerned is weakly interact-
ing massive particles (WIMPs) with masses in GeV-TeV
scale, and results from recent DM direct detections [1–
8] set stringent constraints on WIMP-nucleon scatter-
ings. In case of DM being lighter and in MeV scale, the
MeV DM could evade the DM-target nucleus scattering
hunters. Thus, the MeV DM is of our concern.
The bulk of the cosmological matter density (about
84%) is contributed by DM [9], and the typical annihi-
lation cross section of DM during the freeze-out period
is about 3 × 10−26cm3/s. Furthermore, the cosmic mi-
crowave background (CMB) observations at the recombi-
nation epoch set upper limits on s-wave annihilations of
MeV DM with the annihilation products being of charged
states/photons [9, 10], which are much below the anni-
hilation cross section required by the relic abundance of
DM. In addition, the constraint from the recent observa-
tion of the 21-cm absorption [11] at the cosmic dawn is
also very strict for the s-wave annihilation of MeV DM
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[12–14], as the energy injection from DM s-wave anni-
hilations would heat the hydrogen gas. Therefore, the
MeV DM with p-wave dominant annihilations during the
freeze-out period are generally considered in literatures
[15–17].
Here we will focus on the 21-cm absorption. The en-
hanced 21-cm absorption observed by the EDGES Col-
laboration [11] indicates that the neutral hydrogen at the
cosmic dawn would be colder than expected, and a fea-
sible mechanism is that the hydrogen is cooled by the
scattering with MeV millicharged DM,1 with photon be-
ing the mediator in the scattering [24–29].2 For the 21-
cm brightness temperature T21 = −300 mK (the upper
limit from EDGES), the required MeV millicharged DM
is in a mass range about 10−35 MeV, which carries a
millicharge ηe with η ∼ 5×10−6−5×10−5, and the mil-
licharged DM makes up a small fraction fDM of the total
DM relic density [14, 36–40], i.e., [Mass of millicharged
DM (MeV)/10] × 0.115% . fDM . 0.4%.
A large annihilation cross section mediated by new in-
teractions during the freeze-out period is needed to ob-
tain the small fraction of millicharged DM. To explain the
21-cm anomaly and meanwhile to avoid constraints from
1 A millicharge may be from a kinetic mixing of an extra massless
gauge boson [18], or other scenarios, see e.g., Refs. [19–23].
2 See Refs. [30–35] for more about the 21-cm absorption.
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2CMB and 21-cm absorption on s-wave annihilations, the
p-wave dominant millicharged DM annihilations during
the freeze-out period are considered in Refs. [36, 41, 42].
Is it possible to explain the 21-cm anomaly with the mil-
licharged DM which being s-wave dominant annihilations
during the freeze-out period? Maybe some extraordinary
annihilation mechanism could do the job.
For DM s-wave annihilations at the temperature T →
0, if twice of the DM mass is around the mediator mass,
the resonant DM annihilation at T → 0 would be differ-
ent from that at the freeze-out period [43–45]. Generally,
for the mediator mass being slightly below twice of the
DM mass, the annihilation cross section of DM at T →
0 could be larger than that at the freeze-out tempera-
ture Tf ; for the mediator mass being slightly above twice
of the DM mass, the annihilation cross section of DM
at T → 0 could be smaller than that at T = Tf . In
the case of the new mediator mass being slightly above
twice of the millicharged DM mass, the millicharged DM
with s-wave dominant annihilations may cause the 21-
cm anomaly and meanwhile evade constraints from CMB
and the 21-cm absorption. This will be investigated in
this paper.
II. ANNIHILATIONS OF MILLICHARGED DM
Which kind of new interactions needed to obtain the
small fraction of millicharged DM is an open question.
Here we consider the fermionic millicharged DM with
dark photon as the new mediator, and now the two me-
diators are photon and dark photon. The scenario is
that: the small fraction of millicharged DM is due to
dark photon mediated s-wave annihilations during the
freeze-out period, and the 21-cm absorption at the cos-
mic dawn is caused by photon mediated scattering be-
tween millicharged DM and hydrogen. Furthermore, we
should keep in mind that there may be more particles in
the dark sector, and we focus on the particles that play
key roles in transitions/interactions between millicharged
DM and ordinary matter.
Besides the fermionic millicharged DM carries a mil-
licharge ηe, here the DM is also dark charged, and dark
photon field Aˆ′ mediates dark electromagnetism in the
dark sector. The dark photon-photon kinetic mixing
1
2εFˆµν Fˆ
′µν (see e.g., Refs. [18, 46–52] for more) bridges
new transitions between millicharged DM and the stan-
dard model (SM) particles, with the field strengths Fˆ
and Fˆ ′ corresponding to electromagnetism field Aˆ and
dark electromagnetism field Aˆ′ respectively. The mass of
dark photon can be obtained via Higgs-like mechanism
or Stueckelberg mechanism [53]. After diagonalizing the
kinetic mixing with the transformation of Aˆ→ A+ εA′,
Aˆ′ → A′, the physical eigenstate of dark photon A′ cou-
ples to SM charged fermions,
LSMi = −eεA′µJµem, (1)
where Jµem is the electromagnetic current. In addition,
A′ couples to the fermionic millicharged DM χ in forms
of −eDA′µχ¯γµχ, where eD is the dark charge.
For fermionic millicharged DM, the annihilation χ¯χ→
A′ → SM mediated by dark photon A′ is an s-wave pro-
cess, which could be dominant during DM freeze-out. To
be able to significantly lower the s-wave annihilation of
millicharged DM at low temperature after DM freeze-out,
here we consider the case that the mass of dark photon
is slightly above twice of the millicharged DM mass. For
teens of MeV millicharged DM indicated by the 21-cm
absorption, the main annihilation products in SM are
e+e−, and the annihilation cross section is about
σ1vr ' 1
2
αe2Dε
2[s(m2χ +m
2
e) +
s3
4m2
A′
](1− 4m2es )
1
2
(s− 2m2χ)[(s−m2A′)2 +m2A′Γ2A′ ]
, (2)
where vr is the relative velocity of the two DM particles,
the factor 12 is for the required χ¯χ pair in DM annihi-
lations, and s is the total invariant mass squared. The
width ΓA′ is mainly from A
′ → χ¯χ, with
ΓA′ ≈
e2D(m
2
A′ −m2χ)
6pimA′
(1− 4m
2
χ
m2A′
)
1
2 . (3)
The relic density of millicharged DM fDMΩDh
2 (ΩDh
2 is
the total relic density of DM, and fDM is the fraction of
millicharged DM) is set by the thermally averaged anni-
hilation cross section 〈σ1vr〉 via the relation [54, 55]
fDMΩDh
2 ' 1.07× 10
9GeV−1
mPlJann
√
g∗
, (4)
3with
Jann =
∫ ∞
xf
〈σ1vr〉
x2
dx. (5)
The parameter x is x = mχ/T , and xf = mχ/Tf at
the freeze-out temperature Tf (see e.g., Ref. [54] for
the calculation of Tf ). For a pair of DM particles an-
nihilating at T (here T  mχ), the thermally averaged
annihilation cross section can be obtained with methods
derived in Ref. [55]. The value of xfJann is a typical
annihilation cross section related to the relic abundance
of millicharged DM.
For the temperature of DM T → 0 (T compared with
DM mass), the corresponding annihilation cross section
of DM mediated by A′ is different from that at DM freeze-
out period. For χ¯χ→ e+e− at T → 0, contributions from
A′ and photon are considered, and the annihilation cross
section is
σ2vr ' 1
2
1
2pi
[(2m2χ +m
2
e)(A+B)(A+B)
∗ (6)
+m2χ(
4m2χ
m2A′
− 1)(AA∗ + 2B ReA)](1− m
2
e
m2χ
)
1
2 ,
where A, B are
A =
eDεe
4m2χ −m2A′ + imA′ΓA′
, B =
αηpi
m2χ
.
In addition, the s-wave annihilation mode χ¯χ → γγ is
deeply suppressed by η4.
III. NUMERICAL ANALYSIS
The millicharged DM is colder than hydrogen at the
cosmic dawn. To cool the hydrogen and produce the
anomalous 21-cm absorption via photon mediated scat-
terings between millicharged DM and hydrogens, the pa-
rameter ranges for millicharged DM are: the mass mχ ∼
10−35 MeV, the millicharge ηe with η ∼ 5 × 10−6 −
5 × 10−5, the relic fraction [mχ (MeV)/10] × 0.115%
. fDM . 0.4%, as given by the Introduction. In the
early universe, for mχ ∼ 10 MeV, the energy injection
from χ¯χ annihilations would heat the electron-photon
plasma after the electron neutrino decoupling, and this
could lower the effective number of relativistic neutri-
nos Neff . For Dirac fermionic DM, the relation between
Neff and mχ/Td was analyzed in Ref. [56], with Td be-
ing the neutrino decoupling temperature. Considering
the Planck 2018 results [9] Neff = 2.99 ± 0.17, we have
mχ/Td & 5.56 with Neff & 2.82 adopted. Taking Td & 2
MeV, we have mχ & 11.1 MeV. Thus, the mass range of
fermionic millicharged DM is 11.1 . mχ . 35 MeV.
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FIG. 1. The temperature-dependent annihilation cross sec-
tion 〈σ1vr〉T as a function of x, with x = mχ/T and mχ = 20
MeV. The solid curve is for the case of fDM = 0.4%, eD = 0.1
and ξ (ξ = mA′/2mχ) = 1.1. The dot is the annihilation cross
section 〈σ1vr〉Tf at T = Tf (xf ' 23.65). For comparison, the
dashed line is the result of 〈σ1vr〉0 at T → 0.
1.0 1.1 1.2 1.3 1.4 1.5 1.6
0.001
0.010
0.100
1
10
100
ξ
〈σ 1v r〉
0/〈σ 1v
r
〉 T f
FIG. 2. The ratio 〈σ1vr〉0/〈σ1vr〉Tf as a function of ξ (ξ =
mA′/2mχ), with mχ = 20 MeV. Here the dashed curve is for
the case of ΓA′/mA′ = 1 × 10−3 and xf (xf = mχ/Tf ) = 24,
and the dot-dashed curve is for the case of ΓA′/mA′ = 1×10−3
and xf = 22; the solid curve is for the case of ΓA′/mA′ =
3×10−4 and xf = 24, and the dot-dot-dashed curve is for the
case of ΓA′/mA′ = 3 × 10−4 and xf = 22. For comparison,
the dotted line is for the ratio being equal to 1.
In the Dark Ages, the energy injection from s-wave
annihilations of millicharged DM could induce excess
heating to the hydrogen gas, and thus the anomalous
21-cm absorption sets stringent constraints on s-wave
annihilations of millicharged DM. For the annihilation
4χ¯χ→ e+e− at T → 0, if the matter temperature Tm < 4
K is chosen at redshift z = 17.2, the corresponding anni-
hilation cross section is. 10−26−10−25cm3/s, withmχ ∼
10−35 MeV and fDM = 0.01 [14]. Thus, to cool the hy-
drogen and avoid excess heating, the weighted annihila-
tion cross section of f2DM× [annihilation cross section] at
T → 0 should be . 10−30cm3/s. Here the s-wave annihi-
lation χ¯χ→ A′ → e+e− is dominant during millicharged
DM freeze-out. To escape constraints from CMB and the
21-cm absorption on this s-wave annihilation, we consider
the case that the mass mA′ is sightly above 2mχ. Note
ξ = mA′/2mχ, and here ξ is slightly above 1. In this case,
the thermally averaged annihilation cross section at tem-
perature T → 0 could be smaller than that at T = Tf .
Take mχ = 20 MeV, fDM = 0.4%, eD = 0.1 and ξ =
1.1 as an example to evaluate the temperature-dependent
annihilation cross section 〈σ1vr〉T with x (x = mχ/T ),
and the result is shown in Fig. 1. It can be seen that
the corresponding annihilation cross section 〈σ1vr〉0 of
millicharged DM at T → 0 is smaller than 〈σ1vr〉Tf at
the freeze-out period T = Tf . To further manifest the
resonance effect for different ξ, we take mχ = 20 MeV,
mχ/Tf = 22, 24 and ΓA′/mA′ = 1×10−3, 3×10−4 as an
example to evaluate the ratio of 〈σ1vr〉0/〈σ1vr〉Tf with
ξ, and the result is depicted in Fig. 2. It can be seen
that, the s-wave annihilation χ¯χ→ A′ → e+e− at T → 0
could be much smaller than that at T = Tf , e.g., for
0.02 . ξ − 1 . 0.13, the ratio is . 10−2. Thus, for mil-
licharged DM in MeV scale, the s-wave dominant DM
annihilation during the freeze-out period may be allowed
by constraints from CMB and the 21-cm absorption, and
this will be further analyzed in the following.
The annihilation cross section of millicharged DM at
the freeze-out period is set by the relic density of mil-
licharged DM fDMΩDh
2, with ΩDh
2 = 0.120 ± 0.001 [9].
For χ¯χ → e+e− at T → 0, suppose the upper limit of
the weighted annihilation cross section f2DM〈σ2vr〉0 (cor-
responding to the case of fDM ∼ 0.004 and η ∼ 5×10−5)
is tolerated by constraints from CMB and the anomalous
21-cm absorption, and the range of ξ (ξ = mA′/2mχ) al-
lowed can be derived for a given value of eD (here eD =
0.1 is taken), as depicted in Fig. 3. It can be seen that,
though constraints of the weighted annihilation cross sec-
tion . 10−30 cm3/s from the anomalous 21-cm absorp-
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FIG. 3. The weighted annihilation cross section f2DM〈σ2vr〉0
for given values of ξ (ξ = mA′/2mχ), with eD = 0.1 and mχ in
a range of 11.1−35 MeV. The band is the range of f2DM〈σ2vr〉0,
with the parameters 0.004 . ξ − 1 . 0.085, [mχ (MeV)/10]
×0.115% . fDM . 0.4%, and 5 × 10−6 . η . 5 × 10−5.
The upper limit of the band is corresponding to fDM = 0.4%,
η = 5 × 10−5, and ξ = 1.004 (the solid curve), 1.085 (the
dashed curve). The solid dotted curve is the lower bound,
with fDM = [mχ (MeV)/10] ×0.115%, η = 5 × 10−6, and
ξ ' 1.0242. The dotdashed curve and empty dotted curve are
constraints from the CMB observation [10] and the anoma-
lous 21-cm absorption with Tm < 4 K at z = 17.2 [14], re-
spectively. For comparison, the triangle and reverse trian-
gle curves are the weighted typical annihilation cross section
f2DMxfJann (which is not sensitive to the resonance effect)
required to obtain the relic fraction fDM = [mχ (MeV)/10]
×0.115% and fDM = 0.4%, respectively.
tion is very strict to additional energy injection from s-
wave annihilations of millicharged DM, the s-wave domi-
nant millicharged DM annihilations with 0.004 . ξ−1 .
0.085 can be compatible with the anomalous 21-cm ab-
sorption. Thus, the millicharged DM with s-wave dom-
inant annihilations could cool the hydrogen and induce
the anomalous 21-cm absorption at the cosmic dawn, and
meanwhile avoid excessive energy injection from s-wave
annihilations which would cause excess heating to the
hydrogen.
The dark photon mainly decays into χ¯χ, and this in-
visible decay could be produced at lepton collider and
beam dump experiments [57–61], or the kinetic mixing
parameter ε would be restricted by experiments. For a
given ξ (ξ = mA′/2mχ), to obtain the small fraction fDM
of millicharged DM, the range of ε is derived with ξ =
1.085, 1.004, and eD = 0.1, as shown in Fig. 4. It can
be seen that the range of ε indicated by the 21-cm ab-
sorption is allowed by recent lepton collision experiments,
such as BaBar [57] and NA64 [58, 59]. The dark photon
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FIG. 4. The value of ε as a function of mA′ with ξ (ξ =
mA′/2mχ) = 1.085, 1.004, and eD = 0.1. The bands are
ranges of ε indicated by the 21-cm anomaly. For ξ = 1.085,
the upper red, blue solid curves are corresponding to fDM =
[mχ (MeV)/10] ×0.115%, fDM = 0.4%, respectively. For ξ =
1.004, the lower red, blue solid curves are corresponding to
fDM = [mχ (MeV)/10] ×0.115%, fDM = 0.4%, respectively.
The constraints from BaBar [57] and NA64 [59], and regions
favored by the muon g−2 [62] are annotated in the figure. The
upper and lower dashed curves are the expected sensitivity set
by 20 fb−1 Belle II data [63] and the ultimate reach of LDMX
[64], respectively.
can be further investigated at future experiments, such
as NA64 [59], Belle II [63] and Light Dark Matter eXper-
iment (LDMX) [64].
Now we give a brief discussion about the detection of
millicharged DM at underground experiments. For mil-
licharged DM of concern, magnetic fields in the Milky
Way could expel most of millicharged DM from the
Galactic disk, as estimated in Refs. [24, 65, 66]. Even
though a small amount of millicharged DM are remained
in the Galactic disk, the magnetic fields related to the
solar wind and the Earth’s magnetic field would sub-
stantially reduce the flux of millicharged DM arriving
to the Earth’s surface. In addition, for underground ex-
periments, the terrestrial effect of a particle penetrating
the earth and strongly interacting with overburden mat-
ter (e.g., photon/dark photon mediated large interactions
related to the electric charge of nucleus) could deplete
the particle’s energy and significantly reduce the detec-
tion sensitivity [67, 68]. For the millicharged DM, the
reference cross section σ¯e (see, e.g. Ref. [69] for more)
of χ−electron scattering with photon as the mediator is
in a range of ∼ 3.5 ×10−26− 3.5 ×10−24 cm2, and the
rock/concrete shielding with depths of ∼ 3 − 10 meters
could result in little detection signal of millicharged DM
[68]. In this case, the millicharged DM of concern will
evade constraints from underground experiments, such
as XENON10 [70, 71], XENON100 [71], and DarkSide-
50 [72]. Moreover, the above case may be not the whole
thing for the millicharged DM, as analyzed in Ref. [73].
The millicharged DM could be accelerated by supernova
shocks, and the evacuation of millicharged DM from the
disk may not be effective due to the diffusion of mil-
licharged DM from the halo [73]. Hence, there are un-
certainties about the millicharged DM in the disk, and
corresponding uncertainties in direct detections.
IV. CONCLUSION AND DISCUSSION
In this paper, the s-wave dominant annihilations of
MeV millicharged DM has been studied with the anoma-
lous 21-cm absorption. The photon mediated scattering
could cool the hydrogen and induce the 21-cm anomaly
at the cosmic dawn, and the required small fraction fDM
of millicharged DM is predominantly contributed by the
dark photon mediated annihilations during the freeze-
out period. For s-wave dominant DM annihilations, to be
compatible with stringent constraints from CMB and the
anomalous 21-cm absorption, the annihilation is consid-
ered being close to the resonance and ξ (ξ = mA′/2mχ)
being slightly above 1. In this case, the annihilation cross
section at T → 0 could be much smaller than that at
T = Tf . For ξ in a range of 0.004 . ξ − 1 . 0.085 (eD =
0.1), the weighted annihilation cross section f2DM〈σ2vr〉0
could be . 10−30 cm3/s, which is tolerated by constraints
from the anomalous 21-cm absorption with Tm < 4 K
(z = 17.2), avoiding excess heating to the hydrogen.
For millicharged DM with the millicharge ηe, the spa-
tial magnetic fields and the terrestrial effect of large in-
teractions between DM and ordinary matter result in
the low-velocity millicharged DM remained in the disk
evading DM direct detection experiments, while the mil-
licharged DM accelerated by supernova shocks may be
detectable. As there are uncertainties about the mil-
licharged DM in the disk, the corresponding further ex-
plorations of millicharged DM are needed. The beam
dump and lepton collider experiments can do the job of
hunting for millicharged DM, such as NA64, Belle II and
6LDMX, especially for the case of a large ξ − 1. We look
forward to the exploration of millicharged DM at future
lepton experiments. In addition, neutrino experiments
could also be employed to search for MeV DM [74, 75],
and the terrestrial effect is needed to be taken into ac-
count for the investigation of millicharged DM.
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